Introduction 38
Cell culture media are an essential part of industrial mammalian cell culture, 39 sustaining optimal cell growth and ensuring correct product formation. In many cases 40 chemically defined (CD) media are now being used to avoid inconsistency issues associated 41 with complex hydrolysates and other biologically derived media. CD media are usually 42 complex aqueous chemical mixtures containing a range of amino acids, carbohydrates, 43 vitamins, inorganic salts and other supplements. One such example is eRDF, an enriched 44 basal RDF medium containing higher amino acids and glucose concentrations which has ~60 45 components [1] . Media quality is absolutely critical to process performance, reliability, and 46 reproducibility. However, it is known that media are not chemically stable [2] and undergo 47 some slow rate chemical reactions when stored in the dark between 2-8 °C, the industry norm 48 for storing liquid cell culture media. It is also well known that chemical changes induced by 49 light exposure can adversely affect process performances and cell viability [2] [3] [4] [5] [6] [7] [8] . In addition, 50 some unstable components like cysteine are of particular interest since it and its oxidation 51 product, cystine, can have significant effects on protein aggregation [9] . Therefore it is 52 critical importance to assess and monitor media stability particularly during process 53 development where unknown/uncontrolled media variability can have very adverse 54 consequences. Multi-dimensional fluorescence in combination with chemometric data 55 analysis has been used to easily monitor light induced changes in media like eRDF [10, 11] . 56 This was possible due to the fact that riboflavin and some of the significant photoactive 57 compounds (Tryptophan / Tyrosine) in the media are fluorescent. Furthermore, several 58 photoproducts were also fluorescent and so by use of chemometric tools like PARAFAC [12] 59
and MCR [13] it was possible to track composition changes. However this technique was not 60 able to detect changes affecting non-fluorescent original components or degradation products. 61
The use of Raman spectroscopy for media analysis can lead to a more comprehensive 62 analysis of the media composition because nearly all molecular constituents of media have 63 distinct Raman spectra and can easily be distinguished [14, 15] . Unfortunately, conventional 64
Raman spectroscopy is not good for analytes present in low concentration (<~0.5% w/w) 65 which is the case in most components in liquid cell culture media. [10, 18] . Prior to preparation all glassware was thoroughly 101
washed firstly with soap, rinsed with high purity water (HPW) from a Milli-Q® system, then 102 isopropanol, HPW, and then soaked overnight in aqua regia before being rinsed again with 103 HPW, until the pH of the rinsing water was neutral (pH paper). If multiple batches of colloid 104 were being prepared over a week, the glassware was only rinsed with HPW between batches. 105
Batches produced straight after cleaning of the glassware with aqua regia were 106 systematically discarded as they had a wider particle size distribution and larger mean size. 107
This effect was probably due to glass surface modification during cleaning, which changed 108 the dynamics of nanoparticle formation. Subsequent batches made in the same glassware 109 immediately afterwards, without cleaning, showed more consistent physical and SERS 110
properties.
111
A silver nitrate solution was first prepared by dissolving 45 mg of AgNO 3 in 250 mL of HPW 112 and brought to the boil. When the temperature of the paraffin bath reached 135 ºC, 5mL of 113 1% sodium citrate (57 mg in 5mL HPW) was slowly (~ 1 drop every 4s) introduced to the 114 boiling solution using a pressure equalizing dropping funnel. The reflux was maintained for 115 1 hour and the system was protected from the light at all times using aluminum foil. In 116 practice, a color change, from clear and colorless to opaque olive/grey, rapidly after the start 117 of the citrate addition indicates a successful preparation (absorbance maximum around 404 118 nm and full width half maximum of the absorbance < 100 nm, see below). 119 UV-vis spectroscopy was used as the primary quality assurance tool as both the maximum of 120 the Plasmon resonance and the FWHM of the absorption band are symptomatic of both 121 nanoparticle size and distribution [23, 24] . Ideally, these measurements should be validated 122 using particle size measurements at the same time, but this was not available in this instance. 123
There are several published studies correlating both size and size-distribution with the UV-vis 124 spectroscopic studies, both experimentally and from a theoretical standpoint. 125
Using this approach, reasonably reproducible colloid quality was achieved with an average 126 absorbance maximum (λ max ) and full width half maximum (FWHM) of 404±2.5 nm and 127 86±15 nm respectively (for the six batches used in this study). and incubation time on the quality of the SERS spectra were investigated (data not shown, 141 [10] ). Ultimately, a 1:19 SC ratio was selected (vide infra) and every test sample consisted of 142 5 μL media solution to which was added 95 μL of silver colloid, which was then 143 mechanically mixed using a micro-pipette. Each sample was measured immediately after 144 mixing using the super macro point mode which involved the collection of seven Raman 145 spectra (and backgrounds) from around the well center. Spectra were then co-added and each 146 sample was measured in triplicate using fresh aliquots in different wells. 147 148 soln.) contained high concentrations of aggregating agents like 176
Chemometrics and data analysis:
MgSO 4 (435 µM) and NaCl (105 mM). For complex media mixtures, the probability of 177 different adsorption rates, affinities, and surface coverage for the different components was 178 high and therefore one needed to carefully consider both the incubation time and sample-to-179 colloid (SC) ratio. In addition one had to account for colloid aggregation rate, which was 180 modulated by some media components and, the time-dependent precipitation of large 181 aggregates out of solution. The first factor increased SERS signal intensity, whereas the 182 second reduced signal intensity. 183 Figure 1( can influence the profile and quality of SERS spectra. To assess the effect of different 207 incubation times on the SERS measurement of the eRDF solution, a series of SERS spectra 208
Spectral analysis:
were collected over a 20 min incubation period using an arbitrarily chosen 1:4 SC ratio 209 ( Figure 1 ). This showed that the main variation observed in the SERS spectra were increases 210 in baseline intensity and enhancement with time (Figure 2a/b) . The largest increase occurred 211 during the first ~ 6 minutes, after which it slowed. The eRDF induced aggregation of the 212 nanosized Ag colloid particles, caused at first a relatively large increase in average particle 213 size, leading to very significant increase in the amount of Tyndall scattering from the sample, 214
and thus an increased baseline. After this initial growth phase, the relative increase of 215 aggregate size was much less and there were comparatively fewer particles present and thus 216 the rate of increase in Tyndall scattering decreased. 217
When the changes in the intensity of the SERS signal due to analytes were 218 investigated by plotting the integrated area of the baseline corrected spectra versus incubation 219 time (Figure2b), it was clear that the SERS enhancement followed the same trend as the 220 baseline signal which indicated that the effects were related. This can be attributed to two 221 factors: 1). as the colloidal particles aggregate, highly angled, contact junctions between 222 particles were formed and these are known to generate dramatically larger SERS signals, and 223
2). the increased aggregate size resulted in a red-shift of the Plasmon resonance closer to the 224 excitation wavelength which further increased SERS enhancement [35] . 225
The other significant aspect of the SERS spectra was the fact that the spectral profile 226 ( Figure 2C ) was largely unchanged over the 20 minute incubation time which indicated that 227 media components interacted very quickly with the Ag surface generating a stable population 228 of surface-bound analytes. This was supported by a PCA model of the raw SERS spectra 229 (data not shown) where only one component was needed to explain 99.85 % of the spectral 230
variance. This showed that SERS spectral changes were related only to absolute intensity 231
and not due to any changes in the surface bound population of analytes. Similarly, a single 232 component PCA model fitted using baseline corrected and normalised data explaining 99.84 233 % of the total variance. Since in both cases the explained variances were very similar and > 234 99.8 %, this meant that the difference between the spectra collected with different incubation 235 times was only a change in scale (multiplicative factor/signal enhancement increase with 236 time). However, it should be noted that the SERS spectra were only this well behaved when 237 the sample/colloid mixture was re-suspended mechanically (with a micropipette) immediately 238 prior to measurement. If this was not done, then the presence of multiple aggregating agents 239 in the eRDF caused rapid precipitation of colloid aggregates out of the suspension. When the 240 incubation experiment was implemented using different SC ratios (see SI) similar behaviour 241 was observed for the baseline and spectral signal intensities. However, it was also noted that 242 the spectral profile changed significantly as the SC ratio varied. 243
Influence of SC ratio:
The profile of the SERS spectra depends dramatically (Figure3a)  244 on SC ratio and SERS signal intensity was strongest for small SC ratios with intensity 245 gradually being decreased with additional colloid. What was more important for diagnostic 246 applications was the large spectral profile change in the normalised spectra (Figure 3b ). This 247 indicated that there were very different surface analyte populations present and thus one 248 needed to exercise caution in selecting the correct ratio. For a 1:199 SC ratio, the relative 249 peak intensities were much more comparable across the spectral range which might suggest 250 that there was a much more diverse population of analytes, all of which contributed relatively 251 equally to the SERS spectrum. [33] ) that dominate the SERS spectra because they will occupy 257 proportionally more of the available sites. The variation in band intensities due to SC ratio 258 changes were not linear, for example, Figure 3c plotted the 666 cm -1 band intensity (which 259 probably includes the cysteine C-S stretch) against SC ratio. Band intensity first rapidly 260 increased (with a logarithmic dependence) before attaining a steady-state. It was suspected 261 that weaker bound analytes were being displaced by a smaller range of analytes which give a 262 stronger SERS response (i.e. those species which have a stronger affinity to the Ag surface). 263 Therefore, the SC ratio was critical for the analysis of complex media and the ratio 264 selected should be such that there were sufficient binding sites available which generated a 265 diverse and stable surface-bound population of analytes, and thus in turn led to reproducible 266 and informative SERS spectra. This must be balanced against the loss in SERS signal 267 intensity, increased background from particle scatter, and decreased signal-to-noise (S/N) 268 which is a consequence of using a small SC ratio (e.g. < ~1:20). The lower S/N resulted from 269 first poorer aggregation because of lower levels of intrinsic aggregating agents from the cell 270 culture media and second the lower analyte concentrations gave weaker SERS signals. One 271 way to overcome this second point would be to add a separate aggregating agent to the 272 sample/colloid mixture. However, this has to be carried out with care as this addition could 273 introduce anomalies in the SERS spectra [37] . On the basis of the experimental studies 274 (Figure3c) we selected an SC ratio of 1:19 for the media degradation studies as this offered 275 the best compromise in terms of S/N and spectral quality. 276
SERS monitoring of media storage induced changes:
The validity of the storage induced 277 changes as measured by SERS was confirmed by comparison (Figure 4 ) of test spectra 278 collected on freshly prepared eRDF solutions with the control sample (stored for 32 days at -279 70 ºC) spectra. The plots showed that the SERS spectra did not change significantly (e.g. due 280
to different colloid performance, instrument settings) over the 32 day period of the 281 experiment. There was a small decrease in intensity for two peaks observed and this might 282 be attributable to some variance induced during the freeze-thaw cycle. However, these were 283 very small when compared to the differences observed due to the different storage conditions. 284
It was clear from the eRDF SERS spectra from the different storage conditions 285 ( Figure 5 ) that light exposure caused a great degree of spectral change. The largest light-286 induced change were manifested as an increased background which originated from 287 riboflavin photo-products and its associated photosensitized degradation of other components 288 [3-5, 7, 8, 10] . This resulted in changes in riboflavin and tryptophan, concentrations with the 289 simultaneous formation of lumichrome [8, 11] . One potential source of baseline signal was 290 the formation of a citrate-lumichrome complex [38] , which has red fluorescence emission. 291
The colloid used here had a significant citrate concentration (both surface bound and free in 292 solution) which could bind to lumichrome, generating the red emitting fluorophore. A 293 secondary source of background was variable aggregation dynamics caused by the changed 294 chemical composition.
295
What was more interesting was the very significant changes in SERS signal for the 296 samples dark-stored where there was no photo-degradation as shown by EEM fluorescence 297 analysis which showed virtually no change ( [10, 11] ). Since the control experiment ( Figure  298 4) showed minimal SERS spectral change for samples stored at -70 °C, the obvious 299 conclusion was that solution phase chemical reactions between media components had 300 occurred. These changes in dark-stored media occurred in two principal regions: a loss of 301 signal intensity in the 660-680 cm -1 band and the appearance of two new bands in the 1520-302 1760 cm -1 region. The interpretation of these spectral changes in terms of specific chemical 303 constituents was not possible with a high degree of certainty because of the sample 304 complexity and because of the convoluted interplay between selective enhancements, 305 aggregation rates etc. In addition the presence of high aggregating agent concentrations (e.g. 306
KCl, NaCl, MgSO 4 , etc.) in the eRDF made definitive band assignment more problematical 307 as it is well known that the SERS behaviour of some amino acids like cysteine can be 308 strongly influenced by the aggregating agent [37] . However, cysteine which was present at 309 relatively high concentration was easily oxidised to cystine in solution, particularly in the 310 presence of ferric [39] or cupric ions (both present in eRDF). Furthermore, the SERS 311
behaviour of cysteine/cystine shows good correlation with the changes observed here (vide 312 infra) [28, 33, 37, [40] [41] [42] . To validate these observations we attempted to measure the 313 cysteine concentration changes using chromatographic means [43, 44] . However, the 314 separation of cysteine/cystine was problematical and a pre-treatment step with iodoacetic acid 315 was required prior to the derivatisation step with PTC to obtain the S-carboxymethyl-316 derivative of cysteine [45] (details in supplemental information). This was time-consuming 317 and in the case of the eRDF media, had a negative impact on the quality of the HPLC results. 318
Thus it was not possible to obtain accurate cysteine concentration data from our HPLC setup. 319 Therefore, to better understand the source of chemical change, Principal Component 320 Analysis (PCA) was then used to analyse the SERS spectral changes. The dark stored 321 samples were modelled using two components (99.77 % explained spectral variance) whereas 322 light exposed samples required three components (99.83 % explained variance). In both 323 cases (Figure 7) , the first and second PCA components were very similar (see SI). PC1 324 scores increased with storage time while PC2 decreased ( Figure 6 ) which suggested that these 325 components were associated with the degradation product(s) and the loss of a component 326 respectively. A possible interpretation of the variations modelled by PC1 and PC2 could be 327 the oxidation of cysteine (PC2) and possible production of cysteine (PC1 which could be the υ(S-S) vibrational mode as 334 suggested by recent SERS studies into the behaviour of both cysteine and cystine on Au and 335
Ag substrates [40] . The most likely explanation for these observations was that, during 336 storage the cysteine (PC2) originally present in the medium gradually oxidises to the dimer, 337 cystine (PC1). An alternative cysteine oxidative degradation pathway involving the 338 generation of sulfonic acids by more extreme oxidation was studied by SERS [42] . The 339 oxidation products (tentatively identified as sulfonic/sulfonic acids) have SERS spectra 340 similar to PC1 (see SI). The third possibility is that as cysteine is removed by oxidation, 341 binding sites on the colloid are freed up thus enabling other media components with poorer 342 affinity for the colloid to adsorb and generate a different SERS spectrum. However, on the 343 balance of the available evidence it is the cysteine-cystine conversion that is the most 344 probable source of the observed changes in the SERS spectra for the dark-stored samples. 345
In the case of the light exposed samples, SERS is less useful as the degradation is 346 more easily monitored using fluorescence [11] . However, it was noted that in the PCA model 347 of the light exposed samples that the first two components were very similar to those 348 obtained for the dark-stored samples. The third PC in the light exposed PCA model 349
originates from baseline effects probably induced by the photo-products (see above). It was 350 also noted from the PCA scores ( Figure 6 ) that the rates of change were greater in the light 351 than for dark-stored media (see SI for 2D scores plots, Figure S-11 ). In addition, for the 352 light-stored samples there was no observable temperature effect (Figure 6d ) on the PC2 353 scores (cysteine decrease) as was the case for the dark-stored samples (Figure 6b) . 354
Conclusions

355
SERS was able to detect changes in chemically defined cell culture media which 356 occur under normal, cold, dark storage conditions. The SERS reproducibility issues was 357 overcome by the implementation of rigorous quality control in the synthesis and handling of 358 the citrate reduced Ag colloid, combined with a carefully designed sample incubation/data 359 collection protocol. With these procedures we showed that substrate induced variation was 360 much less that that caused by media ageing and thus the method was effective for media 361 change analysis. Significant changes were observed both in irradiated and non-irradiated 362 media which suggested that the phenomena observed by SERS were different to those 363 observed by multi-dimensional fluorescence measurements [11] . A key conclusion was that 364 large variations in the cell culture media chemical composition occur at an early stage with 365 dark-stored media (within the first 5 to 10 days after preparation). The data suggests strongly 366 that in the dark the most significant chemical change involved cysteine oxidation which takes 367 place rapidly over the first 15 days, after which media composition stabilises. PCA of the 368 SERS data allowed for qualitative monitoring of cysteine changes and this is useful since it is 369 known that cysteine form promotes cell growth which is not the case for cystine [47] . 370 Furthermore, to the best of our knowledge, there is no other rapid and easy to implement 371 technique available for monitoring this cysteine-cystine change. HPLC required intensive 372 sample handling and preparation, and was not an easy method to implement for the 373 quantification of cysteine-cystine and thus identification of media change. In contrast, the 374 SERS technique presented here allows for rapid monitoring of the cysteine-cystine change 375 with minimal sample handling and preparation. Finally, since we need neither high 376 resolution nor sensitivity, this SERS method can be implemented using relatively low-cost 377 bench top Raman spectrometers thus reducing the overall cost of media testing. 378 ) of the 527 baseline corrected spectra. Data shown is for three replicate measurements; (c) Plot of the 528 overlaid baselined corrected and normalised SERS spectra of all 60 spectra. The SERS were 529 spectra collected every minute after incubation for up to 20 minutes on samples with an SC 530 ratio of 1:4. The sample-colloid mixture was re-suspended between each measurement. 531 532 
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